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Abstract 
 
A novel 3-mercaptopropionic acid capped iridium selenide quantum dots based label free 
impedimetric immunosensor was successfully constructed. The 3-mercaptopropionic acid 
capped iridium selenide quantum dots synthesized were studied using HRTEM, revealing 
the formation of very small sizes, of about 3 nm. The optical Uv-Vis absorption 
wavelength of the quantum dots is blue-shifted, a phenomenon explained by the effective 
mass approximation (EMA) for semiconducting materials with sizes below 10 nm. Using 
cyclic voltammetry it is noted that the quantum dots have interesting electro-catalytical 
properties. The immunosensor proved to be sensitive towards nodularin, with a very low 
detection limit of 0.009 ng/mL and is significantly lower than the recent anti-nodularin 
ELISA kit developed by (Zhou et al., 2011) which has a detection limit of 0.16 ng/mL. 
Also the dection limit of the immunosensor is below the South African guideline value for 
microcystin-LR (0-0.8) µg/L (DWAF; 1996).  
The calibration curve of the 3MPA-GaSe nanocrystal based biosensor was successfully 
constructed, which exhibited a trend described by Michaelis-Menten, a typical behaviour 
of enzymatic biosensors. The detection limit of the biosensor is 0.004 nM and is 
significantly lower than the action limit of 17beta-estradiol, (1.47 x 10
-10
 M).  
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
Acknowledgement 
 
I first and foremost thank the God of heaven who gave me the strength and through His 
providence, I carried out this study. 
To my supervisors, thank you for the guidance and support throughout the study 
To chemistry department staff, SensorLab colleagues and all friends, thank you for your 
moral support and motivations. 
To my family, your support and love has motivated me throughout the period. 
To the National Research foundation (NRF), thank you for the financial assistance. 
I would also like to acknowledge the electron microscope unit (EMU) at the physics 
department (university of the Western Cape), for assistance with the HRTEM and EDX. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
List of publications 
 
1. E.Nxusani, P.M. Ndangili, R.A. Olowu, A.N. Jijana, T. Waryo, N. Jahed, R.F. 
Ajayi, P. Baker and E. Iwuoha., 3-Mercaptopropionic acid capped Ga2Se3 
nanocrystal-CYP3A4 biosensor for the determination of 17alpha-ethinylestradiol 
in water. Nano Hybrids, Vol.1 (2012), pp 1-22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
Table of Contents 
 
Title page 
Declaration          1 
Abstract          2 
Acknowledgements         3 
List of publications         4 
Chapter one 
1.1 Key words         9 
1.2 Introduction         10 
1.3 Problem statement and motivation      11 
1.4 Aim and objectives        14 
Chapter two 
2.0. Literature review        16 
2.1. Nodularin          16 
2.2. 17alpha-ethinylestradiol        18 
2.3. Quantum dots         20 
2.3.1 Gallium selenide nanocrystals       21 
2.3.2 Iridium selenide quantum dots       22 
2.3.3 3-mercaptopropionic acid       23 
 
 
 
 
6 
 
2.4 Biosensor          24 
2.4.1Cytochrome P450 3A4        25 
2.5 Immunosensor         27 
Chapter three 
3.0 Experimental method for the construction of 3MPA-IrSe2 quantum dots based 
immunosensor and the 3MPA - Ga2Se3 nanocrystals based biosensor 
3.1.1 Instrumentation          30 
3.1.2 Reagents          31 
3.1.3 Synthesis of novel 3 mercaptopropionic acid capped iridium selenide quantum dots  
           31 
3.1.4 Fabrication of the immunosensor       32 
3.1.5 Immunosensor measurements       32 
3.1.6 Synthesis of 3-mercaptopropionic acid capped Ga2Se3 nanocrystals   
           33 
3.1.7 Fabrication of the biosensor       33 
3.1.8 Biosensor measurements        34 
 
Chapter four 
4A.1 Characterisation of 3-mercaptopropionic acid capped iridium selenide quantum dots 
4A.1.1 Optical properties of the 3MPA-IrSe2 quantum dots    37 
4A.1.2 Microscopy of 3MPA-IrSe2 quantum dot     39 
4A.1.3 Electrochemistry of 3MPA-IrSe2 quantum dots     41 
4A.2. Characterisation using electrochemical impedance Spectroscopy   47 
4A.3. Immunosensor measurements       52 
4B.1 Construction of calibration curve of Au/L-cys/3MPA- Ga2Se3/CYP3A4 biosensor for 
the detection of 17alpha-ethinylestradiol (17EE).      55 
 
 
 
 
 
7 
 
Chapter 5 
5.0 Conclusion          60 
 
References           61-73 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8 
 
 
 
 
 
 
 
 
 
Chapter one  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9 
 
1.1 Key words 
 
Iridium selenide 
Quantum dots 
Nodularin 
Antibody 
Mercaptopropionic 
Effective mass approximation 
Gallium selenide 
CYP3A4 
Biosensor 
Immunosensor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
1.2 Introduction 
 
Quantum dots are 1 dimensional semiconductor nanocrystals in the 2-10 nm size range. 
Generally, semiconductors are materials that offer a good medium for electric current 
control because of their condition-dependent electric current conductivity. Now adding a 
quantum size property to this gives rise to excellent electrical, optical and electrochemical 
properties; such as change of electrochemical potential of band edge (Liu et al., 2006). 
Therefore quantum dots have attracted much research attention due to their potential 
applicability in several areas including catalysis, coatings, textiles, data storage, 
biotechnology, health care, biomedical, pharmaceutical industries, and most recently in 
bio-analytical chemistry (Drbohlavova et al., 2009). 
 
In the field of bio-analytical chemistry, an interest in electrochemical techniques such as 
biotrancducers or biosensors is arising in the research community (Ndangili et al., 2011). 
This is because biosensors are inexpensive, less complicated, high sensitivity techniques 
in comparison to classical methods such as high performance liquid chromatography 
(HPLC), chemiluminisence, enzyme immunoassay, as well as enzyme linked 
immunosorbent assay (ELISA). These usually require complex pre-treatment and 
compound recovery (L. de Alda et al., 2000; Yoon et al., 2003; Kim et al., 2007). Bio-
analysis in most cases, always includes the detection of low concentration ( Liu et al., 
2006) and most of the bio-analytical samples e.g. estrogenic endocrine disrupting 
compounds (EDC) and  cyanotoxins, have poor electrochemical activity. Thus a need 
arises for research to be focused on electrode modification for applications in this field. 
Hence quantum dots are being investigated for biosensor modification (Ndangili et al., 
2011). 
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1.3 Problem statement and motivation 
 
A)  Due to eutrophication of surface waters, there is an overwhelming increase in 
cyanobacterial proliferation, resulting in increased concentrations of cyanotoxins in 
water system. Now filter feeding organisms like shellfish are found to contain very 
high concentration of these toxins, since these toxins can accumulate in them 
without being fatal to the shellfish itself. Unfortunately, any consumer of such 
poisoned organisms including humans, have been reported to be affected. Apart 
from reports worldwide, as early as from the late 1940s, shellfish poisoning (SP) 
have since been reported in South Africa (Sapeika et al., 1958; Grindley et al., 
1969).   
The major problem in developing guideline values for these toxins is the scarcisity 
of data for these toxins (WHO, 1997; Falconer et al., 1999). This has forced many 
marine related organisations around the world to quantify and monitor these 
cyanotoxins. The most popular analytical techniques that are currently recognized 
in most countries for the detection cyanotoxins are mouse bioassay (MBA), HPLC, 
GC-MS, LC-MC and ELISA. But these techniques are expensive, time consuming, 
require large machinery and sample pre-treatment procedures; thus unfavourable 
for on-site use and require expertise. Also in the case of MBA due to the use of 
live animals, the European Union and other countries are pursuing alternative 
methods without the use of live animals (European Union Commission Regulation, 
2005/2006). Thus research has moved to simpler, inexpensive, portable analytical 
devices such as sensors. 
Secondly of the platinum group metals, palladium and platinum are being 
extensively used and unsurprisingly the most expensive of these precious metals 
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(Gourd et al., 2004). Therefore the evaluation of the less expensive counterparts, 
iridium osmium and ruthenium, would be economically viable and may even 
prevent the depletion of these two metals, especially by moving to the nano-
regime. 
 
B) The increasing concern worldwide over the adverse effects of endocrine disruptors 
on human health has created a need for screening systems to detect xenoestrogens, 
a diverse group of environmental chemicals that mimic estrogenic actions and are 
hypothesized to decrease male fertility. See table1: 
Table 1: Trends in human health effects (US) potentially related to endocrine function  (Source: Solomon and 
Schettler, 2000) 
Health effect Trend Degree of change 
Sperm count  Decreasing incidence  -5.3 to - 0.7%/ mL per year 
Testicular cancer  Increasing incidence  2.1 - 5.2% per year 
Prostate cancer  Increasing incidence  3 - 5.3 %  per year 
Breast cancer  Increasing incidence  1.9 - 3.3% per year 
Sex ratio  Shift toward females  -0.5 to - 1.0males/10 000 
per year 
 
South Africa has been reported to have abused many of the compounds of estrogenic 
potency (Barnhoorn et al., 2004; Olujimi et al., 2010 ).The ability to detect xenoestrogens 
in environmental samples is a task that is being actively pursued by bio-analytical 
chemists. The commonly used techniques such as chromatography and mass spectroscopy 
are very expensive and time consuming. As a result of their ubiquitous nature the need for 
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the detection of trace amounts of these chemicals using simple, low cost, highly sensitive, 
low detection range, highly selective and easy to handle electro-.analytical techniques 
becomes necessary.  
Also, monitoring and evaluating the effects of these chemicals require new technologies 
that are capable of screening various chemicals in the samples. For proper and effective 
screening and monitoring of these chemicals in environmental samples, electrochemical 
techniques that exhibit low detection limits and high sensitivities are necessary for this 
purpose. 
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1.4Aim and objectives  
A) The following aspect towards designing novel 3-mercaptopropionic acid capped 
iridium selenide nanocrystal modified electrochemical immunosensor for the detection of 
fish toxin, nodularin include: 
(i) Developing novel quantum dots based immunosensor for determination of 
nodularin 
(ii) Synthesis of 3-mercaptopropionic acid capped iridium selenide quantum dots  
(iii) Spectro-electrochemical characterization of 3-mercaptopropionic acid capped 
iridium selenide quantum dots. 
(iv) Morphological characterization of 3-mercaptopropionic acid capped iridium 
selenide quantum dots. 
(v) Fabrication of the novel 3-mercaptopropionic acid capped iridium selenide 
quantum dots based immunosensor. 
(vi) Spectro-electrochemical interrogation of the novel 3-mercaptopropionic acid 
capped iridium selenide quantum dots based immunosensor. 
(vii) Application of immunosensor to detect nodularin  
 
B) The construction of a calibration curve to determine the detection limit and sensitivity 
of 3-mercaptopropionic acid acid capped GaSe nanocrystal-CyP3A4 biosensor for the 
determination of 17alpha-ethinylestradiol in water. 
 
 
 
 
 
 
 
 
 
15 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter two 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16 
 
2.0 Literature Review 
 
2.1 Nodularin 
Due to eutrophication of surface waters, there is an overwhelming increase in 
cyanobacterial proliferation, resulting in increased concentrations of cyanotoxins in water 
system. Cyanotoxins are produced by cyanobacteria in freshwater, lakes and coastal 
waters .These cyanotoxins can be classified into four categories namely: neurotoxins e.g 
anatoxin-s, saxitoxin; hepatotoxin e.g microcystin, nodularin, cylindrospermopsin; 
cytotoxins/ irritants and gastro-intestinal toxin (Ibelings et al., 2007) 
Nodularin, a cyclic pentapeptide cyanotoxin produced by a cyanobacterium, nodularia 
spumigena, was first isolated and characterized in the late 1980s. Similar to microcystin it 
contains an unique C20 amino acid, 3-amino-9methoxy-2,6,8-trimethyl-10-phenyl-4,6-
decadienoic acid, an adda (Zhou et al.,2011; Rinehart et al., 1988). The nodularia 
spumigena is mainly detected in algal blooms forming from brakish and fresh waters all 
over the world.  
The toxicity of nodularin, similar to microcystin, is highly due to its ability to inhibit the 
eukryotic protein threonine phosphotases PP-1 and PP-2A, which among other processes 
have a vital role in cell control and intracellular structure, thus leading to structural and 
functional disturbances of the liver. (Yoshizawa et al.,1990; Falconer et al., 2005). It is a 
liver carcinogen, which induces hepatic tumours leading to liver cancer in mammals 
(Fladmark et al., 1998; Bouaicha et al., 2005). Nodularin increases the formation of 
reactive oxygen species (ROS), induces oxidative modifications targeted to various 
proteins (Lankoff et al, 2006).  
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Figure 1 Nodularin 
Like many other cyanobacterial toxins, the routes of exposure to nodularin for humans is 
through drinking contaminated water, recreational water sports and through consumption 
of aquatic species that are contaminated with this toxin, i.e. shelfish and fish. Exposure via 
renal dialysis with water contaminated with cyanotoxins has also been reported (Msagati 
et al, 2006; Sandra et al., 2002) 
In 1997, the world health organization (WHO) derived a guideline value for permissible 
limits of microcystin in drinking water of 1 microgram per litre. This is the only guideline 
for cyanotoxins and was classified as “provisional” because of the scarcity of 
toxicological data for both microcystin and other cyanotoxins at large (WHO,1997; 
Falconer et al, 1999). Various countries have adopted this value for their own guidelines, 
and others have even derived levels for other cyanotoxins; with South Africa leading with 
the lowest range 0-0.8 micrograms per litre. New Zealand is the only country that has 
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derived a guideline value for nodularin of 1 microgram per litre (Codd et al, 2005; DWAF, 
1996). 
 
2.2 17alpha-ethinylestradiol (17 EE) 
Endocrine disrupting compounds are substances that "interfere with the synthesis, 
secretion, transport, binding, action, or elimination of natural hormones in the body that 
are responsible for development, behaviour, fertility, and maintenance of homeostasis 
(normal cell metabolism) (Crisp et al., 1998). Hormones are produced first by the 
endocrine tissues, including the ovarian, testes, pancreas pituitary, and thyroid hormones; 
which are then secreted into the blood to act as the body’s chemical messengers from 
where they direct communication and coordination among other tissues throughout the 
body (Lah et al., 2011). On a general case they can interfere with the endocrine or 
hormonal system of the body in the following ways: 
1. By mimicking or partially mimicking naturally occurring hormones 
2. By binding to a receptor within a cell and block the endogenous hormone from 
binding 
3. By interfering or blocking the way natural hormones or receptors are controlled 
(Céspedes et al., 2005). 
Amongst these are estrogenic endocrine disrupting compounds and are of great concern 
due to their high estrogenic activity. Various natural and synthetic chemical compounds 
including pharmaceuticals, pesticides, industrial chemicals and heavy metals have been 
identified to induce estrogen-like responses (Kase et al., 2008). Estrogenic endocrine 
disrupting compound are classified into naturally occurring and synthetic. Synthetic 
endocrine disrupting compounds include bisphenol A, alkylphenols, pesticides, phthalates 
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and polychlorobiphenyls. 17EE is mainly used as the active compound in birth control 
pills and in hormone replacement therapies (Lahnsteiner et al., 2006; Segner et al ,2003; 
Jobling et al ,2003). 
 
Naturally occurring endocrine disrupting compound such as 17α-ethinylestradiol (17EE), 
17β-estradiol (E2), estrone (E1), and estriol (E3) have been classified as estrogenic-
endocrine disrupting compounds. Naturally occurring estrogens are involved in the control 
of the early mitotic proliferation phase of germ cells during spermatogenesis in males 
(Campbell et al., 2003; Miura et al., 2003. They also are involved in the regulation of 
final oocyte maturation and ovulation in females (Peter et al., 1997; Kime et al., 1993). 
Most estrogens are released into the environment by humans (in urine and feces), 
livestock (in manure) and wildlife (Shore et al., 2003). Once in the environment, estrogens 
undergo several fates and transport processes (Campbell et al., 2006; Braga et al., 2005), 
causing great concern due to their ability to alter the sexual behaviour of animals and 
aquatic species (Oshima et al., 2003; Teles et al., 2004).  
 
The upper limit (action limit) for naturally occurring levels of E2 is 40 ng.L
−1
 (1.47 × 
10
−10
 M) in bovine plasma or serum except for pregnant animals (Volpe et al., 2006). 
Exposure to concentrations beyond this limit can cause deleterious effects such as male 
and female reproductive abnormalities (e.g. reduced sperm counts, menstrual problems, 
reduced fertility, reduced male to female ratio) and cancer (e.g. breast cancer) among 
others (Campbell et al., 2006).  
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Figure 2 17alpha-ethinylestradiol (17EE) 
 
2.3 Quantum dots 
First discovered by Alexey I. Ekimov in glass matrix and by Louis E. Brus in colloidal 
solution in the early 1980’s, quantum dots have ever since been of scientific interest. The 
ability to scale things down to less than 10 nm comes with the beauty of obtaining 
materials with variable properties, apart from increased surface area due to their sizes. 
This in quantum dots, is a result of the confinement of electronic motion to a length scale 
similar or smaller than electron Bohr radius, a length scale characterizing the motion of 
electrons in bulk semiconductors which is usually a few nanometres (Burda et al, 2005) . 
 
 From the effective mass approximation model by Louis Brus, the smaller the size of the 
quantum dots, the larger the band gap energy (Brus et al., 1986; Sattler et al., 2002). As a 
result of this phenomenon, more energy is required to excite electrons from valence to 
conduction band in quantum dots and consequently, more energy is emitted when these 
electrons move from excited state to ground state. Their wavelengths are then blue shifted 
in the optical spectrum, necessitating the substitution of the laws of classical physics by 
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quantum mechanical rules for the description of their behaviour (Hambrock et al., 2001). 
Thus, they are receiving remarkable research attention and have attained this because of 
their size-dependent optical and electrical properties (Peng et al., 2001). 
 
Quantum dots are being used in optical and optoelectronic devices, quantum computing 
and information storage, materials for cascade lasers, in materials for IR photo-detectors, 
colour coded quantum dots for fast DNA testing and 3-D imaging inside living organisms 
(Roberts et al., 2011;Liu et al., 2006; Lloyd et al.,2011).  
 
2.3.1 Galium selenide nanocrystals 
Among the many metal selenide semiconductors known, gallium selenide which is a 
member of III–VI group in the periodic table, has a number of interesting properties for 
electrical and nonlinear optical applications (Ueno et al., 2002; Campos et al, 2003). In 
fact, thin films of III–VI materials are potential alternatives to II–VI materials in 
optoelectronic and photovoltaic devices and also have a potential application as 
passivating layers for III–V devices (Park et al., 2003; Lazell et al., 2000). 
 
Synthesis of gallium selenide has been achieved through molecular beam epitaxy, vapour 
phase epitaxy, chemical vapour deposition (CVD) (Ueno et al., 2002; Wright et al., 1992; 
Park et al., 2003), heterovalent exchange reaction involving groups V elements, thermal 
evaporation  and chemical close-spaced vapour transport, among others ( Markl et 
al.,1995; Afifi et al., 2003; Rusu st al.,2003) .  
 
Since these methods give rise to water insoluble and bio-incompatible materials that 
cannot find applications in bio-analytical chemistry, synthesis of water soluble and bio-
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compatible gallium selenide nanocrystals would therefore open the applications of these 
materials in bio-analytical chemistry. In a recent finding, it has been shown that the 
reaction between hot perchloric acid and gallium is a source of Ga
3+
 for synthesis of 
gallium selenide nanocrystals, which when functionalized with 3-mercaptopropionic acid 
acid gives rise to water soluble, bio-compatible nanocrystals (Ndangili et al., 2011).   
 
2.3.2 Iridium selenide quantum dots 
Platinum group metals (PGMs) are generally known for their similarities in physical and 
chemical properties. They are attracting attention in nanotechnology due to their catalytic 
activity, thermodynamic stability; with platinum and palladium on the fore front (Lipshutz 
et al., 2012; Bond et al., 1968). From these, PGM chalcogens, platinum group metal 
compounds that contain Selenium, Tellurium, Sulphur, and sometimes Oxygen (though oft 
are called oxides); due to the applicability of palladium chalcogenides in the electronic 
industry in multilayer ceramic capacitors (MLCCs) and because of their semiconductor 
properties, they are being used and investigated as low resistance ohmic contacts. They 
also find applicability recording films in optical discs and lithographic films and light 
image receiving materials with silver halides (Dey et al., 2004; Akhtar et al.,2010 ).  . 
 
Now with the rise of nanotechnology it is inevitable for such compounds to be in the 
forefront in the nano-research community. In table 2, is a summary of a few findings on 
these compounds in nano-research: 
 
Table 2 A summary of few findings on PGMs and PGM chalcogens in nano-research  
Nanoparticle 
Composition 
Size Application/ 
potential application 
Reference 
Pd20Te7 12-15 nm Catalysis Takahashi et al, 
2011 
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PdTe 5 nm Catalysis Singh et al, 2012 
Rh 1-3 nm Catalysis Almazo et al, 2005 
RuSe2  nanotubes 6 nm wall thickness Various Jiang et al., 2004 
Pd17Se15 nanotubes 6 nm wall thickness Various Jiang et al., 2004 
Pt3Te4 4 nm Catalysis Samal et al.,2010 
Pd17Se15 50 nm Catalysis Akhtar et al.,2010 
Ir50Se50/C Not reported due to 
agglomeration 
Catalysis Liu et al., 2008 
 
2.3.3 3-Mercaptopropionic acid 
Organothiols are mostly used to make self-assembled monolayers (SAMs), which are used 
to modify wetting properties of solid surfaces, to develop nano-devices for electronics and 
as corrosion preventative materials (Boubour et al., 2000; Laibinis et al., 1992; Haag et 
al., 1999) .They are now more scientifically attractive due to the ability of using their 
specific chemical groups in molecular recognition, protein adsorption on metals and 
templetes for crystallization (Chailapakul et al., 1993; Ndangili et al., 2011). 
 
Organothiols have found their way into nanotechnology. During the synthesis of 
nanoparticles, organothiols such as mercaptopropionic acid, have been used as capping 
agents to prevent agglomeration of the nanoparticles as they form (Ndangili et al., 2010; 
Moeno et al., 2011; Cookson et al., 2012). 
 
When suitably functionalized with amphiphilic bifunctional molecules such as mercapto 
carboxylic acids [HS- (CH2)n-COOH, n = 1–15], the small sizes of quantum dots can 
allow rapid transfer of electrons to the surface of the target particles, resulting to a higher 
charge detaching efficiency ( Liu et al., 2006; Idana et al., 2006). The carboxylic group 
also offers a biocompatible surface since it can react favourably with amino groups of 
enzymes or antibodies without loss of enzyme or antibody activity. The short chained 
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capping agent mercaptopropionic acid (MPA), has been used for self-assembly on gold 
electrode and are associated with enhanced electrochemical signals of the quantum dots 
towards target analytes (Giz et al., 1999; Li et al., 2009).  
 
2.4 Biosensors 
Biosensors are small devices which employ bio-molecular recognition element as the basis 
for selective analysis. This electrochemical sensing device intimately couples a biological 
recognition element to an electrode transducer which converts the biological recognition 
event into a useful electrical signal (Drummond et al., 2003). 
 Thus, the major activities involved in any biosensor systems are analyte recognition, 
signal transduction and readout. As a result of their specificity, portability, speed and 
inexpensive nature, biosensors offer exciting opportunities for numerous applications. 
Glucose biosensor has brought a lot of revolution to the monitoring of sugar level in 
diabetics (Cash et al., 2010). Biosensors have also been used in the analysis of toxins, 
pollutants, diseases, genetically modified food, and in many other environmental, food, 
biomedical and explosive detection applications (Zhao et al., 2010; Joseph et al., 2006). 
Though normally generalized, the bio recognition elements for biosensors are usually 
enzymes. 
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2.4.1 Cytochrome P450 3A4 (CYP3A4) 
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Figure 3 Cytochrome P450 3A4 (CYP3A4) 
 
Cytochrome P450 iso-enzyme (CYP3A4) is the most catalytically versatile in the 
cytochrome P450 family, having the ability to catalyze the oxidative metabolism of 
various xenobiotic compounds which includes chlorophenols, pesticides, carcinogens, etc 
(Li et al., 1995; Bistolas et al., 2005). CYP3A4 oxidatively metabolizes 17alpha-
ethinylestradiol / 17beta-estradiol to estrone as described in (Fig.4). The mono-
oxygenation reaction of these compounds involves the reduction of the protein heme, from 
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Fe
+3
 to Fe
+2
; and the hydrogenation of the substrate, 17alpha-ethinylestradiol / 17beta-
estradiol (Donato et al., 2003; Shumyantseva et al., 2005). 
 
Figure 4 Oxidative metabolism of 17alpha-ethinylestradiol to estrone by CYP3A4 
 
The active heme group is deeply embedded in the hydrophobic protein structure, such that 
it does not readily exchange electrons with metals or carbon electrode. Even though this 
cycle involves electronic transfer, but it is poor for electrochemical detection due to the 
entrapment of electrons in its hydrophobic structure. Thus for improved sensitivity, 
mediators have to be employed (Hendricks et al., 2009).  
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2.5 Imunosensors 
Electrochemical sensors using antibodies or antigens as their bio-recognition element are 
called immunosensors. To understand the principle of immunosensing, we have to first 
understand the functional principle of immunoassays, as electrochemical sensors have 
been derived from them. An Immunoassay is a biochemical test used to measure 
concentrations of specific analytes in complex mixtures by making use of the fact that 
most analytes undergo specific immune reactions. These immune reactions involve an 
antibody-antigen binding pair whereby the analyte can be either an antibody/antigen. If the 
analyte is an antigen, an antibody will be used to assay the antigen, and vice versa (Abad-
Villar et al., 2002) 
Antibodies are gamma globulin proteins that are secreted as an immune response when 
antigens (bacteria, viruses, micro-organisms, drugs, etc) enter the bodies of vertebrates. 
These antibodies are highly specific as they will only form an antibody-antigen pair with 
specific antigens. They can be produced for a wide range of natural and man-made 
material, bio-molecules, and viruses. Their high specificity enables them to bind to 
specific targets even in complex systems where there might be different types of antigens 
(Gong-Jun et al., 2009).  
Now, in electrochemical immunosensing two types of approaches are used namely 
labelled and label-free immunosensors, with the first being predominant.  This is because 
in labelled immunosensors, the antibody/antigen is usually labelled with metals, enzymes, 
etc. The advantage of using metal labels is that they afford the possibility of using the 
sensitive stripping voltammetric techniques. Stripping techniques give the possibility of 
doing multiple analysis using six different metals for the detection of six different 
analytes. But the disadvantage of these labels is the usage of mercury electrodes which are 
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less desirable due to the toxicity of mercury. Hence now, enzymes are predominant as 
labels in electrochemical immunosensors (Wijayawardhana et al., 2002). 
The enzyme-labelled electrochemical immunosensors afford signal amplification due to the 
catalytical activity of the enzymes. Usually the analyte species is the enzyme product. But this 
type of immunosensing is in most cases, an indirect approach for the detection of antigen. 
On the other hand label free immunosensors offer a more simplistic approach which affords the 
direct quantification of a specific analyte. In table 3, are a few examples of label free 
immunosensors: 
 
Table 3 Label free immunosensors 
Type of immunosensor Analyte Detection limit Reference 
Label-free capacitative E.Coli 0157:H7 2.2 x 10
2
 cfu /ml D.Li 
 et al., 2011 
Label-free Amperometric 
immunosensor 
E.Coli 0157:H7 250 cfu/ml Y.Li et al., 2012 
Label free capacitive 
Immunosensor 
Microcystin-LR   1.0 x 10
-14
M   Dawan et al., 2011 
Label free capacitive 
Immunosensor 
Benzylpenicilin 7.0 x 10
-16
M Dawan et al., 2011 
Label free 
immunosensor 
Anti-Biotin 30 ng/ ml Liu et al., 2009 
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Chapter three 
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3.0 Experimental section 
 
3.1 Experimental method for the construction of 3MPA-IrSe2 based immunosensor and 
3MPA-GaSe based biosensor 
3.1.1 Instrumentation  
Ultra violet-visible (UV-vis) absorption measurements were made on a Nicolet Evolution 
100 UV–visible spectrometer (Thermo Electron, UK), using a quartz cuvette. All 
voltammetric and amperometric experiments were carried using a BAS100W integrated 
and automated electrochemical work station from Bio Analytical Systems (BAS), 
Lafayette, USA. All cyclic voltammograms were recorded with a computer interfaced to 
the BAS 100W electrochemical workstation. A 10 mL electrochemical cell with a 
conventional three electrode set up was used. The electrodes were: (1)  Gold working 
electrode (A = 0.0201 cm
2
) from BAS, modified with 3MPA-IrSe2 quantum dots and anti-
nodularin; (2) Gold working electrode (A = 0.0201 cm
2
) from BAS modified with L-
cysteine, Ga2Se3 -3MPA and CYP3A4 enzyme; (3) platinum wire, from Sigma Aldrich, 
acted as a counter electrode and (4) Ag/AgCl (3M KCl) from BAS was the reference 
electrode. Alumina micro polish and polishing pads were obtained from Buehler, IL, USA 
and were used for polishing the gold electrode before any modification. 
 
Electrochemical impedance spectroscopy (EIS) measurements were recorded with 
Zahnner IM6 electrochemical work station from MeBtechnik at a bias potential of 0.222 
V, amplitude of 5mV; recorded at a frequency range of 100 mHz to 100 Khz. A 10 mL 
electrochemical cell with a conventional three electrode set up was used. The electrodes 
were: (1) Gold working electrode (A = 0.0201 cm
2
) from BAS, modified with 3MPA-
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IrSe2 quantum dots and anti-Nodularin antibody; (2) platinum wire, from Sigma Aldrich, 
acted as a counter.  
 
3.1.2 Reagents 
Analytical grade 3-mercaptopropionic acid (HSCH2CH2CO2H) [3-MPA], sodium 
hydroxide, selenium powder, sodium borohydrate, hydrogen hexachloroiridate(IV) 
hydrate, gallium, perchloric acid, disodium hydrogen phosphate, sodium dihydrogen 
phosphate, potassium chloride ,1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide (NHS), cyst1-ethyl-3-dimethylaminopropyl 
(L-cysteine), methanol, ethanol, bovine serum albumin (BSA), 17alpha-ethinylestradiol 
and 1 mg nodularin were all purchased from Sigma-Aldrich (Cape Town, South Africa). 
0.10 M phosphate buffer saline (PBS) solution, pH 7.40, was prepared from disodium 
hydrogen phosphate, sodium dihydrogen phosphate and KCl.  
 
Monoclonal nodularin antibody was purchased from Antibodies-online.Gmbh©, 
Germany; the production host is a mouse, IgG1 isotype.  The aliquots were stored at -18 
˚C. All solutions were prepared using double distilled water. Genetically engineered 
cytochrome P450-3A4 (CYP3A4), purified from a full length human CYP3A4 cDNA 
clone, with a stock concentration of 37.74 µM was purchased from Merck South Africa 
while.   
 
3.1.3 Synthesis of novel 3 mercaptopropionic acid capped iridium selenide quantum dots 
NaHSe
 
precursor was prepared by mixing 0.016 g of Se powder with 0.015 g of NaBH4 in 
a round bottomed flask and adding de-ionized water to make 10 mL solution, resulting to 
0.02 M and 0.04 M of Se and NaBH4, respectively. The mixture was then stirred 
continuously at room temperature under nitrogen saturation for 25 min after which a dark 
yellow/ orange solution was formed. A 0.04 M of Ir
IV
 was prepared, and then 69.60 μL of 
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concentrated 3-mercaptopropionic acid (3MPA) added. The pH of the solution was 
adjusted to 12 using NaOH and saturated with N2 for 30 min. Freshly prepared NaHSe 
was added drop wise into the nitrogen saturated Ir / 3MPA solution. After 10 min, a dark 
orange-brown solution was formed. The reaction was quenched by immediately placing 
the reaction flask in a freezer at -18 °C (Shen et al., 2009; Ndangili et al., 2010). 
3.1.4 Fabrication of immunosensor 
A gold electrode was polished with 1, 0.5, 0.03 μm alumina slurries on glassy polishing 
pads respectively (10 min on each pad), after which the electrode was ultrasonicated for 
about 15 min with distilled water and absolute ethanol to remove any possible absorbed 
alumina crystals on the electrode surface. Then it was electrochemically cleaned in 0.05 M 
sulphuric acid; which resulted to a clean gold electrode. The electrode was then immersed 
in 3MPA-IrSe2 quantum dots for 12 h in the dark. Then the modified electrode was rinsed 
with ultra-pure water, to remove unbound quantum dots. The 3MPA-IrSe2/Au electrode 
was immersed in (1:1) EDC and NHS to activate the QDs, and then rinsed lightly with 
ultra-pure water. 0.1 mg/mL anti-nodularin was drop coated onto the 3MPA-IrSe2/Au 
electrode, and incubated for 4 h. To block undesired sites the immunosensor was then 
immersed into a solution of PBS ph 7.4 containing 1% BSA. This modification resulted 
into anti-nodularin/3MPA-IrSe2/Au modified electrode which was then defined as the 
immunosensor. The immunosensor was then stored at 4 °C in 0.1 M PBS of pH 7.4 when 
not in use.  
3.1.5 Immunosensor measurements 
All the electrochemical measurements were carried out in 0.1 M PBS pH7.4 as the 
supporting electrolyte at room temperature, 25 °C.  The 6.66 x10
-4
 M nodularin stock 
solution was prepared using 99% methanol and stored at -18 °C. The substrate 
measurements were carried out under anaerobic condition. 
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3.1.6 Synthesis of 3-mercaptopropionic acid capped Ga2Se3 nanocrystals.  
 
4.87 g of Ga metal was weighed into a round bottomed flask and 2 mL of concentrated 
HClO4 was added. The mixture was refluxed under constant stirring for 4 h at 120 °C, 
after which a white precipitate of Ga(ClO4)3.6H2O was formed. 0.19 g of the gallium salt 
was dissolved in 10 mL of distilled water and 69.60 μL of concentrated 3-
mercaptopropionic acid (3MPA) added. The pH of the solution was adjusted to 12 using 
NaOH and saturated with N2 for 30 min. NaHSe precursor was prepared by mixing 0.016 
g of Se powder with 0.015 g of NaBH4 in a round bottomed flask and adding de-ionized 
water to make 10 mL solution, resulting to 0.02 M and 0.04 M of Se and NaBH4, 
respectively. The mixture was then stirred continuously at room temperature under 
nitrogen saturation for 25 min after which a dark yellow solution was formed. Freshly 
prepared NaHSe was added drop wise into the nitrogen saturated Ga(ClO4)3/3MPA 
solution. After 10 min, a brown solution was formed and the reaction was quenched by 
immediately placing the reaction flask in a freezer at -18 °C (Ndangili et al., 2011)
 
 
3.1.7 Fabrication of 3MPA- Ga2Se3 based biosensor 
A new Au electrode was polished with 1, 0.5, 0.03 μm alumina slurries on glassy 
polishing pads respectively (10 min on each pad) and ultrasonicated for about 15 min with 
distilled water and absolute ethanol to remove any possible absorbed alumina crystals on 
the electrode surface. The clean Au electrode was then immersed into a solution 
containing 0.02 M L-cysteine solution at room temperature for 24 h in the dark, to form 
self-assembled monolayer onto the gold electrode. The electrode was then rinsed carefully 
with distilled water to remove any unbound L-cysteine molecules. The L-cysteine 
modified electrode was then activated by immersing it into a solution containing 1:1 of 
EDC and NHS, for 20 min. Then the activated Au/L-cys modified electrode was immersed 
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into solution containing gallium selenide nanocrystals functionalized with 
mercaptopropionic acid (MPA), for 2 h to form Ga2Se3/L-cysteine modified gold 
electrode. The resulting nanocrystal modified gold electrode was allowed to dry for some 
time under nitrogen gas. 3 μL of a 4 μM CYP3A4 enzyme solution was then drop coated 
onto the 3MPA-Ga2Se3 modified electrode surface and allowed to imobilize for 3 h at 2 
°C. This modification resulted into CYP3A4/ 3MPA-Ga2Se3 /L-cysteine/Au modified 
electrode which was then defined as the biosensor. The biosensor was then stored at 2 °C 
in 0.1 M PBS of pH 7.4 when not in use (Nxusani et al., 2012). 
 
3.1.8 Biosensor measurements 
All the electrochemical measurements were carried out in 0.1 M PBS pH7.4 as the 
supporting electrolyte at room temperature, 25
0
C.  The 0.01 mM, 0.001 mM, 0.0001 mM, 
0.00001mM 17alpha-ethinylestradiol solutions were prepared using 0.1 M PBS solution. 
The substrate measurements were carried out under aerobic conditions. 
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 L-cysteine                                                     3MPA-Ga2Se3 
 
 
 
 CYP3A4 
 
Chapter4 
 
 
Scheme 1. Schematic representation of of 3MPA-GaSe based biosensor fabrication process 
 (Nxusani et al., 2012) 
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4. Results and Discussion 
 
4A.1 Characterisation of 3-mercaptopropionic acid capped iridium selenide quantum dots 
4A.1.1 Optical properties of the 3MPA-IrSe2 quantum dots 
 
Figure 5 UV-vis spectrum of 3MPA-IrSe2 quantum dots 
 
The nature of the interaction between the valence and conduction band and the size of the 
band gap, determine the optical properties of quantum dots. The UV-vis spectroscopy of 
the 3MPA-iridium selenide quantum dots shown in Fig.5, shows a sharp absorption 
maxima at 210 nm. This indicates a formation of quantum dots that are homogeneous in 
their size distribution. From this the band gap energy of the quantum dots was found to be 
5.6 eV equivalent to 9.459 x 10
-19 
J, calculated using the following formula: 
E = hc/ λ 
Where E is the band gap energy, h is Planck’s constant, c is the speed of light, λ is the 
experimental optical absorption wavelength. 
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The optical band gap energy of bulk Iridium Selenide is approximately 1.0 eV (Dey et al., 
2004; Strehlow et al., 1973) meaning that the quantum dots formed had a six fold increase 
of band gap energy. This phenomena confirms the formation of very small sized particles, 
since the Effective mass approximation (EMA) first described by Louis Brus, states that as 
semiconductor materials decrease in size their band gap energies increase. Also for 
semiconductors with sizes smaller than 10 nm, the quantum size effect (QSE) becomes 
observable which predicts the widening of the band gap with decreasing size. 
 
Figure 6 Uv spectrum of (a) NaHSe precursor, (b) 3MPA-IrSe quantum dots and (c) H2IrCl6.xH20 metal 
precursor 
In Fig.6, the Uv-vis spectrum of the quantum dots and precursors is shown, where the 
absorption wavelength of the NaHSe precursor has a very broad absorption maxima at 
about 215-350 nm, and the absorption wavelengths of the H2IrCl6 are between 410 -494 
nm. The absorption wavelength of the 3MPA-IrSe2 quantum dots is very distinct and is 
blue-shifted below the region where the absorption wavelengths for both precursors are 
found. 
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4A.1.2 Microscopy of 3MPA-IrSe2 quantum dot 
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Figure 8 Energy dispersive X-Ray (EDX) spectrum of 3MPA-IrSe2 quantum dots (below), taken from a highly 
populated region indicated on the (Above). 
The High resolution transmission electron micrographs of the 3MPA-IrSe2 quantum dots 
Fig 7, show the formation of quantum dots with an average diameter of 3 nm. This 
confirms the optical properties derived from the UV-vis absorption spectrum i.e the 
Figure 7 HRTEM micrographs of 3MPA-IrSe2 quantum dots , 5 nm scale view 
(left); and 2 nm scale view (right) 
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formation of very small particles. In Fig 8, the chemical composition of the quantum dots 
was studied using energy dispersive x-ray spectroscopy and it revealed that the most 
abundant elements are Ir and Se.  
4A.1.3 Electrochemistry of 3MPA-IrSe2 quantum dots 
 
Figure 9 Cyclic voltammograms of  (a) Au/ H2IrCl6.xH2O  metal precursor, (b) bare Au ,and (c) Au/ 3MPA-IrSe2 
quantum dots in Phosphate Buffer pH 7.41 at 30 mV/s 
 
Using cyclic voltammetry the electrochemical properties of 3MPA-IrSe2 quantum dots as 
shown in Fig.9, were studied. The voltammograms revealed that the H2IrCl6.xH2O metal 
precursor has a reduction peak at about -182 mV which is absent on the bare Au, which is 
due to the reduction of Ir. Now notice that this reduction peak appears at -107 mV for the 
quantum dots and have a lower peak current. This is due to electron-confinement in three 
dimensions, which intern enhances the electrochemical reaction. The quantum dots lower 
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the activation energy for the reaction, causing a shift toward lower reductive potential, 
denoting a faster reduction reaction.  
Also an oxidation peak at +641 mV was observed in the quantum dots which was absent 
in the bare Au and H2IrCl6.xH2O metal precursor. This is attributed to the oxidation of 
selenium as shown in Fig. 10. A shift towards lower oxidative potential is observed, 
indicative of the lowered activation energy for the oxidation reaction. 
 
Figure 10 Cyclic voltamogram of Au/NaHSe precursor in Phosphate Buffer pH 7.41 at 30 mV/s 
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Figure 11 Multi-scan rate study of 3MPA-IrSe2 quantum dots using cyclic voltammetry, in PBS pH 7.4 
A multi-scan rate study of the 3MPA-IrSe2 quantum dots on a gold electrode was 
performed as indicated in Fig.11, to investigate the electrochemistry of the quantum dots, 
scanning between -600 mV and 800 mV, scan rate 10-300 mV/s and in PBS pH7.4 The 
forward scan revealed two peaks (A and B) and on the reverse scan  two peaks (C and D). 
The peak potential of A was found to be independent of the scan rate, with C having a non 
linear change in peak potential with scan rate. 
 Peak A is due to the reduction of Ir, B arises from the gold electrode similar to Fig 9; C 
and D are due to the oxidation of selenium similar to Fig. 10.The nonlinearity of C is due 
to the anodic stripping of Se, arising from the electro-oxidation of Se related surface states 
(Ndangili et al, 2011).   
 A close study of the reduction peak A was performed by constructing a plot of ip (Peak 
current) versus v (scan rate), as illustrated in Fig 12. The peak current increased linearly 
(R=0.99) with scan rate, indicating the electrochemistry of surface confined quantum dots.   
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Figure 12 Cathodic plot (Peak A) of peak current versus scan rate 
To estimate the no of electrons involved in this reduction of Ir (Peak A), the two 
equations:  
Ip = ωn
2
F
2AГv / 4RT         (I) Laviron’s equation  
Q = nFAГ              (III) 
were re-expressed (Zhang et al., 2005) to the following equation: 
ip = nFQv / 4RT       (III) 
Where ω is the angular frequency, n the no of electrons, F is Faraday’s constant (96 584 
C/ mol), A is the electrode area, Г is the surface concentration (mol/ cm2), v is the scan 
rate, R is the gas constant (8.314 J/ mol. K), T is the temperature (298 K), Q is the 
quantity of charge calculated from the reduction peak area of the voltammograms. From 
the slope of plot ip versus v Fig. 12, with the use of equation (III) the reduction process of 
the Ir of the quantum dots is estimated to involve four electrons. This indicates the 
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reduction of Ir
IV
 to Ir, which is usually a four electron process (Pourbaix et al., 1959). 
Thus, the oxidation state of the iridium metal of the quantum dots is Ir
IV
. 
 
Figure 13 Log cathodic peak current versus log scan rate for peak A 
 The slope of plot Log cathodic peak current versus log scan rate as shown in Fig. 13, is 
0.46, which indicates a diffusion controlled process (Ndangili et al., 2011). This means 
that the reduction of Ir occurs rapidly, thus denoting a fast redox reaction, which can also 
be observed from the increase of peak current with increasing scan rate (Fig. 11). 
Furthermore, the reduction peak A was studied using chronocoulometry, as shown in 
Fig.14. In the Anson’s plot (using BAS 100), at a pulse width of 20 msec the plots showed 
a wider peak separation. Using Anson’s equation: 
Q = 2nFCD
1/2
t
1/2
 / Π1/2          (IV) 
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Where n is the no of electrons, F is the Faraday’s constant, D is the diffusion coeffiecient, 
t is the time, C concentration (0.1 mol/dm
3
 of PBS), and  Π; from the slope of the Anson’s 
plot (forward) scan, the diffusion coefficient is  calculated to be  6.215 x 10 
-26
 m
2
/s. 
 
Figure 14 Chronocoulometry plot of the reduction (peak A) of 3MPA-IrSe2  
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Figure 15 Chronocoulometry plot at pulse with of 20 msec 
From the separation of charges at the y-intercept, the surface concentration of the adsorb 
species is given by: 
Qads = nFAГ       (V) 
Where Qads is the charge due to the electrolysis of the adsorbed species, and Г is the 
surface concentration of the adsorb species. The charge due to the electrolysis of the 
3MPA-IrSe2 quantum dots is 4.0 nC and the surface concentration is 5.15 x 10-
13
 mol/cm
2
. 
4A.2. Characterisation using electrochemical impedance spectroscopy 
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Figure 16 Nyquist  plots of a) Au/3MPA-IrSe quantum dots, b) Au/3MPA-IrSe qds/antiNodularin, c) Au/3MPA-IrSe 
quantum dots/ antiNodularin+ 1nM  Nodularin,;  performed in 0.1 M  PBS buffer pH7.4. 
 
The electrochemical impedance spectroscopy was used to characterize the fabrication of 
3MPA-IrSe2 quantum dots based immunosensor as described in Fig.16. 
 
Table 4 Circuit parameters for the fabrication of 3MPA-IrSe2 quantum dots immunosensor 
Electrode system Equivalent circuit A Equivalent circuit B 
 Zw % 
Error 
Rct % Error 
(a) 3MPA-IrSe2 
quantum dots 
0.566 Ω.s-1/2 2.07 541.31 kΩ 10.99 
(b) Au/3MPA-
IrSe 
qds/antiNodul
arin 
0.533 Ω.s-1/2 
 
5.06 1090.90 kΩ 10.48 
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B) 
 
C) 
 
Figure 17 Equivalent circuits describing electrode modification process, fig 16 
 
The Nyquist plots for the fabrication of the immunosensor, shown in Fig.16 are described 
by Equivalent circuit A-C, as shown in Fig.17. It was observed that for the 3MPA-IrSe2 
quantum dots, the circuit that best describes the process is circuit A, where R1 is the 
solution resistance, Ws1 is the Warburg impedance, CPE1 is the constant phase element.  
The Warburg impedance (Zw) percentage error shown in table 4 for the quantum dots 
when using equivalent circuit A, is lower than that of the quantum dots + antibody; and 
the charge transfer resistance (Rct) percentage error is higher than that value obtained 
from the circuit B. This indicates that the electrochemical process for the quantum dots is 
controlled by Zw. It therefore denotes that the electrochemical impedance for the quantum 
dots is a diffusion control process, meaning it is a fast electrode reaction; further 
complementing the results obtained from multi-scan rate analysis using cyclic 
voltammetry. Comparing the Zw and Rct, we obtain a trend described in Fig. 18-19. 
R1 CPE1
Ws1
Element Freedom Value Error Error %
R1 Free(±) 183.9 0.90291 0.49098
CPE1-T Free(+) 4.7097E-07 3.2745E-08 6.9527
CPE1-P Free(+) 0.91019 0.0060284 0.66232
Ws1-R Free(+) 5.6272E05 36128 6.4202
Ws1-T Free(+) 0.88694 0.081678 9.209
Ws1-P Free(+) 0.56612 0.011715 2.0693
Chi-Squared: 0.0007455
Weighted Sum of Squares: 0.064113
Data File: C:\Users\Athi\Desktop\impedence plots fo
r immunosensor 2012\irse quantum dots AS
Cii
Circuit Model File: C:\Users\Athi\Desktop\impedence plots fo
r immunosensor 2012\model for low concen
trations.mdl
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
R1 CPE1
R2
Element Freedom Value Error Error %
R1 Free(+) 64.07 N/A N/A
CPE1-T Free(+) 1.1842E-06 N/A N/A
CPE1-P Free(+) 0.88182 N/A N/A
R2 Free(+) 8.0652E05 N/A N/A
Data File:
l il : C:\Users\Athi\Desktop\impedence plots fo
r immunosensor 2012\model for high conce
ntrations.mdl
Run Fi ting / Freq. Range (0. 01 - 1 0)
ti : 100
i  It r ti s: 0
i i : Complex
i ti : Calc-Modulus
R1 CPE1
R2 Ws1
Element Freedom Value Error Error %
R1 Free(+) 75.14 0.48911 0.65093
CPE1-T Free(+) 1.0379E-06 1.048E-08 1.0097
CPE1-P Free(+) 0.89351 0.0014115 0.15797
R2 Free(+) 1E20 1E20 100
Ws1-R Fixed(X) 0 N/A N/A
Ws1-T Fixed(X) 0 N/A N/A
Ws1-P Fixed(X) 0.5 N/A N/A
C i-Squ ed: 0.0019555
Weighted Sum of Squares: 0.16622
Data File: C:\Users\Athi\Desktop\impedence plots fo
r immunosensor 2012\proper\2 immuno 05 n
M ASCII
Circuit Model File:
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Compl x
Type of Weighting: Calc-Modulus
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Figure 18 Chart showing the decrease in Warburg Impedance after antibody immobilisation 
 
Figure 19 Chart showing the increase in the charge transfer resistance after antibody immobilization 
 
The trend shows that upon the modification with anti-nodularin the, the Warburg 
impedance decreased (Fig. 18), as the immobilised antibody introduces or amplifies the 
charge transfer resistance (Fig. 19), which is a typical behaviour for the impedance of 
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antibodies. This therefore shows that the process for the complete immunosensor due to 
the presence of both the antibody and the quantum dots is a mixed diffusion-kinetic 
control. Therefore, the equivalent circuit that better describes the electrochemical 
behaviour of the immunosensor is circuit C, shown in Fig.17.  
 
The bode plots in Fig.20, also show that the phase angle (theta) in table 5, increases upon 
immobilisation of antibody further confirming that the impedance is moving away from 
being diffusion controlled (Warburg impedance with an theoretic value of 45 degrees) to a 
kinetic or mixed diffusion-kinetic controlled process, as observed in the nyquist plots. 
 
Figure 20 Bode plot for the fabrication process of the 3MPA-IrSe2 quantum dots immunosensor 
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Table 5 Change in phase angle for electrode systems 
Electrode system Phase angle in degrees 
A) 3MPA-IrSe2 quantum dots 64 
 
B) Au/3MPA-IrSe2  
qds/antiNodularin 
73 
C) Au/3MPA-IrSe 
qds/antiNodularin+1 nM 
75 
 
 
4.3 Immunosensor measurements 
The detection of nodularin was performed using electrochemical impedance spectroscopy. 
Upon successive additions of nodularin from 0-0.1 nM and 0.1-1 nM concentration 
ranges, the Rct decreased linearly as shown in Fig.21-22. 
 
 
Figure 21 Nyquist plot for the detection of 0.01 -0.1 nM Nodularin, in  PBS buffer pH 7.417 
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Figure 22 Rct  vs Nodularin concentration for successive additions ( 0.01 to 0.1 nM ) 
 
 
Figure 23 Nyquist plot for the detection of 0.1 -1 nM Nodularin, in  PBS buffer pH 7.41 
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Figure 24 Rct vs Nodularin concentration for successive additions of nodularin (0.1 to 1.0 nM) 
 
The 3MPA-IrSe2 quantum dots based immunosensor was able to detect and distinguish at 
low nodularin concentrations, ranging between of 0.01 -1 nM as shown in Fig. 22 and 
Fig.24. The sensitivities of the immunosensor in both concentration ranges are 
summarized in table 6: 
 
Table 6 Sensitivity and limit of detrection of the immunosensor 
Concentration range  Sensitivity in Ohm/ 
nM 
Detection limit Detection limit in 
ng/ m L 
0.01 nM to 0.1 nM 5.4 x 10
6
 Ω/nM 0.02 nM 0.016 ng/mL 
0.1 nM to 1.0 nM 3.5 x 10
5
  Ω/nM 0.011 nM 0.009 ng/mL 
 
The sensitivities are derived from the slope of Fig. 22 and 24 and the detection limits (LOD) is 
given by: 
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LOD = 3 x SD of blank (Ω) / Sensitivity (Ω/nM)    (VI) 
Where the SD is the standard deviation and SD of Blank measurements is the Rct response 
of the immunosensor for 8 measurements. The 3MPA-IrSe2 immunosensor constructed in 
this work, is highly sensitive towards Nodularin, with a detection limit as low as 0.009 
ng/mL (n=8, SD=12249.4); which is significantly lower than the recent anti-Nodularin 
ELISA kit developed by (Zhou et al ., 2011) which has a detection limit of 0.16 ng/mL . 
This high sensitivity further confirms the electrocatalytic properties of the 3MPA-IrSe2 
quantum dots present in the immunosensor. 
 
 
4B.1 Calibration curve of Au/L-cys/3MPA-GaSe/CYP3A4 biosensor for the detection of 
17alpha-ethinylestradiol (17EE).  
 
The detection of 17 EE was performed as described in Nxusani et al., 2012, but now using 
lower concentration ranges, 0.001-0.1 nM. As shown in Fig.27, the concentration 
dependant current response has a calibration curve (r
2
 = 0.99) with a characteristic plateu 
of enzymatic reactions. This shows that the biosensor response followed the Michealis-
Menten kinetics for enzyme based biosensors (Ndangili et al., 2011). 
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Figure 25 CV response  of Au/L-cys/3MPA-GaSe/CYP3A4 Biosensor  upon addition  of 0.00 -0.01 nM 17 EE at 30 
mV/s, in PBS pH7.4 
 
Figure 26 CV response of Au/L-cys/3MPA-GaSe Biosensor  upon addition  of 0.00 -0.1 nM 17 EE at 30 mV/s, in PBS 
pH7.4 
The sensitivity and detection limit (n = 6, SD = 3.364 x10
-8
) of the biosensor shown in 
table 7, is derived from the linear region of the of the biosensor current response (Fig.28), 
with a linear regression of 0.985. 
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Figure 27 Biosensor response upon successive additions of 17 EE, following a Michaelis-Menten kinetics trend 
The Michaelis-Menten constant, KM 
app
, is a characteristic parameter for the enzyme-
substrate kinetics. From the following equation: 
i = imax [17EE] / KM 
app
 +[17EE]      (VII) 
where imax is the maximum current measured under saturated substrate concentration and 
[17EE] is the bulk concentration. KM 
app
 was found to be 0.0073 nM, and the imax was 
0.514 µA.  
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Figure 28 Calibration curve from linear region of the Biosensor response, in Fig. 27 
 
Table 7 Sensitivity and detection limit of the biosensor 
Biosensor  Sensitivity in A/ nM Detection limit Detection limit 
in ng/ m L 
Au/L-cys/3MPA-
Ga2Se3 Biosensor   
2.709 x 10
-5
 A/ nM 0.004 nM 0.0011 ng/ mL 
 
In this work, Au/L-cys/3MPA-GaSe/ CYP3A4 Biosensor has shown a high sensitivity 
towards detecting 17EE, with a detection limit as low as 0.0011 ng/mL.  
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5.0 Conclusion 
 
3 nm 3MPA-IrSe2 quantum dots where successfully synthesised and found to have 
interesting electro-catalytical properties, with a very low characteristic reduction potential 
of 107 mV, indicative of a low energy requiring electrochemical process. These were in 
turn used for the fabrication of the immunosensor towards the detection of Nodularin. The 
label free impedimetric immunosensor constructed was sensitive towards nodularin, with a 
very low detection limit of 0.009 ng/mL; which is significantly lower than a recent anti-
Nodularin ELISA kit (Zhou et al., 2011) which has a detection limit of 0.16 ng/mL. Also 
the detection limit of the immunosensor is below the maximum South African guideline 
value for microcystin-LR (0-0.8) µg/L in water (DWAF; 1996). Though the surface 
concentration of the adsorbed 3MPA-IrSe2 on gold electrode is as low as 5.15 x 10
-13
 
mol.cm
-2
; the sensitivity of the immunosensor is significantly high, further confirming the 
excellent electrocatalytic activity of the 3MPA-IrSe2 quantum dots formed. 
The calibration curve of the 3MPA-GaSe nanocrystal based biosensor was successfully 
constructed, which exhibited a trend described by Michaelis-Menten, which is a typical 
behaviour of enzymatic biosensors. The detection limit of the biosensor is 0.004 nM, 
which is lower than the action limit of 17beta-estradiol, 1.47 x 10
-10
 M (Volpe et al., 
2006).  
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